Auxin promotes the liberation of a xlyoglucan polymer from the cell walls of elongating pea (Pisum sativum) stem segments. The released polymer can be isolated from the polysaccharide fraction of the water-soluble portion of tissue homogenates, thus providing as assay for this kind of metabolism. Promotion of xyloglucan metabolism by auxin begins within 15 minutes of hormone presentation. The 
Plant physiologists have long sought an understanding of the mechanism by which auxin brings about a decrease in cell-wall strength and thereby promotes cell enlargement. We previously (9) presented evidence that auxin promotes loss of xylose and glucose from pectinase-extractable components of pea cell walls. Since a corresponding loss in water-soluble polymer(s) of xylose and glucose occurred, we suggested that such polymers become liberated from the cell wall by a process that is promoted by auxin.
Because plant xyloglucans have been known for a number of years (7) , and because recent structural analyses of plant cell walls have indicated that xyloglucan is the chief hemicellulosic polymer (3, 12) , we suspected that the water-soluble xylose and glucose were part of a single polysaccharide species. This paper presents evidence that this is so. Furthermore, the measurement of labeled, water-soluble xyloglucan affords a simple means for assaying the effect of auxin on cell walls. This paper presents quantitative comparisons between this effect and the stimulation of elongation by auxin under various experimental conditions as tests of the possibility that xyloglucan changes might reflect the biochemical action on the cell wall that is responsible for causing wall extension and cell enlargement. ' Research was supported by a National Science Foundation grant to P.M.R. and a National Science Foundation predoctoral fellowship to J.M.L. 2 Present address: Department of Chemistry, University of Colorado, Boulder, Colo. 80302.
MATERIALS AND METHODS
The experiments followed the pulse-chase protocol previously described in detail (9) . Briefly, samples of segments 8 mm long, cut from the stems of 7-day-old etiolated pea seedlings (Pisum sativum, var. Alaska), were depleted of endogenous substrates during a 1-hr incubation in water, labeled during a 1-hr incubation in uniformly labeled "C-glucose, and then treated for 3 hr in 50 mm unlabeled glucose to dilute radioactive metabolites from internal substrate pools. Media containing 50 mm unlabeled glucose (in water), IAA (1.7 X 10-' M) and/or other agents were then supplied for an experimental treatment period, the nature and duration of which varied from experiment to experiment as described below.
At the termination of treatment the samples were rinsed and chilled over ice and ground in ice water. Cell wall material was collected and washed twice by centrifugation at 1000g. Protein was precipitated from the combined supernatants using 5% trichloroacetic acid; the remaining soluble material was concentrated by lyophilization and made 80% in ethanol at 2 C to precipitate water-soluble polysaccharides. These were redissolved in water and passed through Dowex-1-acetate. Neutral components were washed through with water, then acidic components were eluted with 6 N acetic acid.
These effluents were concentrated by lyophilization and their radioactivity was determined by scintillation spectrometry. Radioactivity in the neutral subfraction is reported as watersoluble xyloglucan.
Unless otherwise noted, radioactivity values for each time point or each treatment or both were determined from triplicate samples of 30 pea-stem segments (initial fresh weight, 510 mg). Hydrolysis and chromatography for determining composition of fractions followed methods described previously (8, 9) .
RESULTS
When the cell walls of pea stem tissue are labeled by feeding "C-glucose, and the tissue is then given IAA under "chase" conditions that prevent appreciable further incorporation of "C from soluble pools, IAA causes a substantial increase in "C-xylose and "C-glucose of water-soluble polysaccharides (9) . This increase was inferred to represent a liberation of polymer(s) from the cell wall. Table I shows that when this watersoluble polysaccharide material is separated into neutral and acidic components its "C-glucose and "4C-xylose appear almost exclusively in the neutral subfraction, which contains, in addition, a small amount of "4C-galactose. The IAA effect likewise appears entirely in the neutral subfraction.
Determination of radioactivity in the neutral water-soluble polysaccharide subfraction affords an assay for the IAA effect on soluble xylose and glucose polvmers that is much simpler 499 than hydrolysis, separation, and determination of the monomers. This simplified assay was used to investigate in more detail the characterization of this IAA effect, as described below.
Hydrolysis of the neutral water-soluble polysaccharide material with crude fungal pectinase (Nutritional Biochemicals, control No. 7460) liberated most of its '4C-glucose and -xylose as a glucose-xylose disaccharide (Fig. 1) . The material is therefore primarily xyloglucan, and is referred to as xyloglucan hereafter. A similar disaccharide was liberated from cell walls by treatment with pectinase ( Fig. 1 ), supporting the inference that the soluble "C-xyloglucan measured in the abovementioned assay can originate from the cell wall.
No galactose-containing oligosaccharides were produced by pectinase treatment of the neutral water-soluble polysaccharide material. Nevertheless, it is possible that the labeled galactose of this fraction, which increases in proportion to the increase seen for labeled xylose and glucose, is a substituent of the xyloglucan. This suggestion is in line with structural analyses of other xyloglucans (3, 7, 12) which indicate the presence of galactosyl groups on the polysaccharides.
We must report that a more recent preparation of the Nutritional Biochemicals' pectinase did not exhibit the xyloglucan-cleaving activity described above. Kooiman (7) has used the commercial enzyme preparation "luizyme" to release a glucose-xylose disaccharide from Tamarindus xyloglucan however. In addition, treatment of xyloglucan with an endoglucanase derived from Trichoderma viride produces hepta-and nonasaccharides that contain glucose and xylose as well as galactose and fucose (3, 12) .
Timing of Auxin Effect. Since the data indicate a very close to linear increase with time during the first hour in the plus-minus IAA ratio for soluble "C-xyloglucan, it is apparent that the IAA effect involving xyloglucan must begin not later than 10 min after exposure to IAA, i.e., as early as auxin-stimulated elongation (2). The linear increase means further that the IAA-stimulated process that produces soluble xyloglucan occurs at a virtually constant rate from its inception. The increase in soluble xyloglucan finally levels out, presumably because the cells break down soluble xyloglucan, as is evident from the minus IAA data in Table I, and in Table I of reference 9. Dependence on IAA Concentration. In Figure 2 , we compare the effect of a graded series of IAA concentrations on the level of soluble "4C-xyloglucan and on elongation. The auxin effect on xyloglucan was almost proportional to the effect on elongation over the concentration range studied, which extends from near the threshold of sensitivity to IAA, to a concentration giving maximum elongation response.
Inhibitors of Elongation. Table III gives data from experiments with two of the metabolic inhibitors, arsenite and fluoride, known to inhibit elongation in peas (5) . The concentrations were chosen to give 30 to 40% inhibitions of the elongation normally produced by treatment with 1.7 x 10-5 M IAA, in order to avoid probable general effects of high concentrations and to determine whether the xyloglucan effect is as sensitive to inhibition as is elongation. The results show this is the case, increase in soluble xyloglucan being substantially, but not completely, suppressed by both fluoride and arsenitc at concentrations that partially inhibit elongation. Table III shows further that auxin-induced increase in soluble xyloglucan is not prevented by a concentration of mannitol giving complete osmotic inhibition of elongation. This result has been repeatedly confirmed, and proves that xyloglucan release is not a result of the occurrence of elongation.
Reversal by Ca'+. Table IV shows that the effect on xylo- Data for "25 C incubation only" are drawn from a pulse-chase experiment of the type described in "Materials and Methods." The treatment period lasted 7 hr. =FIAA (1.7 X 10-5 M) -CaCl2 tissue samples, which were not harvested after this first 7-hr period, were transferred to fresh medium (as indicated) and incubated for another 7 Our data indicate that accelerated release of xyloglucan in pea begins at least as soon as elongation is known to be promoted by IAA (2), and long before cell wall synthesis becomes stimulated (1) . Since the results with mannitol show that xyloglucan release is not due to occurrence of wall extension, the time concordance between onset of elongation and release of xyloglucan after presentation with IAA suggests that the release of xyloglucan reflects biochemical changes in the cell wall that are responsible for wall extension.
This view is supported by the quantitative correlation between xyloglucan release and elongation when the latter is varied either by varying the IAA concentration or by applying metabolic inhibitors like arsenite and fluoride. These correlations do not of course prove the suggested causal relationship but it is important that these tests were capable of disproving such a relationship. The results with arsenite and fluoride imply a metabolic requirement for the phenomenon of xyloglucan release. They show that xyloglucan release is at least as sensitive to these inhibitors as is elongation, whereas total respiration and wall synthesis are known to be appreciably less sensitive to inhibition by these agents than is elongation (4, 5) .
Treatment with Ca2`in the cold, of tissue in which the auxin effect on xyloglucan had already developed, was found to reverse completely the auxin-induced increase in xyloglucan solubility. Since both metabolism and transport should have been severely inhibited during this Ca2+ post-treatment, these results indicate first of all that the water-soluble xyloglucan, that appears as a result of IAA action, is still located physically in the cell wall space. Ca2' seems to prevent the soluble xyloglucan from being extracted during homogenization. The neutral soluble xyloglucan completely lacks acidic groups which might interact with Ca2+ (Table I ). The results imply that extractability of xyloglucan is affected by the physical state of pectic substances or other acidic polymers that interact with Ca2', or by the rigidity of the entire wall matrix which the pectic-Ca2ì nteraction influences (11) . It follows that the auxin-induced process that affects the appearance of soluble xyloglucan does not necessarily act on the xyloglucan itself, but could in fact be a change in some other wall polymer. No auxin effects on turnover or solubility of other classes of wall polysaccharides were detected in this tissue (9) , but the change in question could be one that is not detectable by the methods employed or it could involve a noncarbohydrate wall component.
The early influences of auxin on properties of pea xyloglucan fits in with the suggestion of Keegstra et al. (6) 
